Abstract There is growing evidence that behavioral tendencies, or "personalities," in animals are an important aspect of their biology, yet their evolutionary basis is poorly understood. Specifically, how individual variation in personality arises and is subsequently maintained by selection remains unclear. To address this gap, studies of personality require explicit incorporation of genetic information. Here, we explored the genetic basis of personality in rhesus macaques by determining the heritability of personality components and by examining the fitness consequences of those components. We collected observational data for 108 adult females living in three social groups in a free-ranging population via focal animal sampling. We applied principal component analysis to nine spontaneously occurring behaviors and identified six putative personality components, which we named Meek, Bold, Aggressive, Passive, Loner, and Nervous. All components were repeatable and heritable, with heritability estimates ranging from 0.14 to 0.35. We found no evidence of an association with reproductive output, measured either by infant survival or by interbirth interval, for any of the personality components. This finding suggests either that personality does not have Int
Introduction
Personality has been defined as the systematic and consistent expression of differences between individuals in behavioral tendencies in a manner that is correlated across time and contexts (Gosling et al. 2003; Sih et al. 2004; Wolf and Weissing 2012) . Within a population or species, individuals may vary along axes of behavioral variation, such as the Shy-Bold axis reported in fish, birds, and other vertebrates (Wilson et al. 1994) , as well as the Harm Avoidance, Novelty Seeking, and Extraversion dimensions in humans (Cloninger et al. 1991; McCrae and Costa 1999) . Inherent to the concept of personality is therefore the possibility that interindividual variation does not simply represent the extreme ends of trait distribution against which selection acts, but instead that being different might be advantageous, and that observed variation might actually result from selective pressures (van Oers et al. 2005) . Thus, one of the most fundamental questions in the study of personality is how variation between individuals arises and is subsequently maintained (Sih et al. 2004; van Oers and Mueller 2010; van Oers et al. 2005; Wolf and Weissing 2012) . To begin to address this question, three distinct pieces of information are required: 1) the heritability of personality dimensions, 2) genetic correlations between personality dimensions, and 3) the fitness consequences of personality dimensions.
Selection cannot act on personality unless there is a mechanism for its inheritance (Falconer and Mackay 1996; Fisher 1930; Visscher et al. 2008) . Phenotypic variation in personality dimensions may be entirely due to genetic differences, environmental or context-dependent phenotypic plasticity, or a combination of these factors (Wolf and Weissing 2012) . The relative contributions of each of these factors can be estimated using statistical models ("heritability models") in which phenotypic variation is equal to the sum of the contribution of variance in genotype to the contribution of variance in environment (Falconer and Mackay 1996; Visscher et al. 2008) . In these models, heritability (in the narrow sense, h 2 ) represents the proportion of phenotypic variance that is explained by additive genetic variance (Falconer and Mackay 1996) . A high heritability implies that most of the variation observed in a trait in a given population is caused by variation in genes. Nonzero heritability also suggests that functional gene candidates -probably many in the case of personality (van Oers et al. 2005 )-exist whose causal role in the production of heterogeneous traits can be explored (van Oers and Mueller 2010) .
Heritability estimates for personality dimensions ranging from 0 to 0.4 have been found in a number of species in a variety of taxa, including squid (Sinn et al. 2006) , fish (Bakker 1986) , birds (Bize et al. 2012; Dingemanse et al. 2002; van Oers et al. 2004) , sheep (Reale and Festa-Bianchet 2003) , and squirrels (Taylor et al. 2012) . In apes, including humans, heritability estimates of personality dimensions range from 0.07 to 0.63 (humans, Homo sapiens: Bouchard and Loehlin 2001; Johnson et al. 2008 ; chimpanzees, Pan troglodytes: Weiss et al. 2000 Weiss et al. , 2002 ; orang-utans, Pongo spp.: Adams et al. 2012) . In these studies, personality was assessed using questionnaires completed either by human subjects themselves, or by human observers of nonhuman primates. In captive monkeys, "impulsivity" in vervets (Chlorocebus pygerythrus) and the "fearful-anxious axis" in rhesus macaques (Macaca mulatta) -both evaluated via experimental assay-yielded heritabilities ranging from 0.25 to 0.61, and from 0.32 to 1.0, respectively (Fairbanks et al. 2004; Williamson et al. 2003) .
Personality is multivariate in nature; a variety of dimensions are required to represent the suites of behavioral tendencies expressed by individuals, both in general and in specific contexts. Determining whether correlations exist between different personality dimensions is fundamental to understanding their evolution since selection acting on one trait can influence the other, possibly restricting evolutionary change (Lande and Arnold 1983; Lynch and Walsh 1998; van Oers and Mueller 2010; van Oers et al. 2005) . The total amount of covariance between traits is the sum of their phenotypic and genotypic covariances (Lynch and Walsh 1998) . Given their importance, it may appear surprising that few studies (Fairbanks et al. 2004; Sinn et al. 2006; Weiss et al. 2002) have examined genetic correlations between personality dimensions to date (Dochtermann and Roff 2010; Sih et al. 2004; van Oers et al. 2005) . The absence of this information is due in large part to the restrictively large samples sizes (N = at least 200) required to produce reliable estimates of genetic covariance .
For a trait to evolve, it not only requires a mechanism of inheritance but must also have fitness consequences (Endler 1986 ). In the case of personality dimensions, understanding their relationships with fitness provides information on processes underlying their maintenance and on their ultimate biological impact. For example, we might find evidence of disruptive selection, in which trait distributions are pushed toward their antipodes; linear selection, in which variance is minimised by pushing trait distributions toward one extreme; or stabilizing selection, in which trait variance is pushed toward a fixed value (Lande and Arnold 1983) . Fitness consequences can also illuminate the existence of trade-offs between different personality dimensions or between the same dimension in different contexts (Dingemanse et al. 2004; Smith and Blumstein 2008) .
Despite the importance of understanding the heritability, genetic collinearity, and fitness consequences of personality, quantitative genetic research on personality in animals is in its infancy (van Oers and Mueller 2010) . In this study, we explored the genetic basis of personality in female rhesus macaques by investigating the heritability of personality components and their fitness consequences. We also explored the genetic correlations between different personality components, while recognizing the low statistical power of analyses with as limited sample sizes as ours. We conducted this study in the rhesus macaque colony of Cayo Santiago Island, Puerto Rico. We took advantage of the free-ranging living conditions in which the monkeys live, our ability to collect detailed daily observations of their behaviors, and the absence of human constraint or manipulation of the subjects' breeding activity.
We began by extracting potential personality components from observational data on the macaques' spontaneously occurring behaviors. Studies of nonhuman animals often characterize personality using questionnaires completed by people who are familiar with the subjects from previous or ongoing observations (Adams et al. 2012; Uher and Asendorpf 2008; Weiss et al. 2002) , or by using behavioral assays in which individuals are presented with an experimental paradigm, and their response(s) are then recorded by experimenters (Bize et al. 2012; Fairbanks et al. 2004; Sinn et al. 2006) . The latter approach has the advantage of allowing researchers to control and manipulate the contexts in which subjects are tested, as well as allowing for the relatively rapid assessment of large numbers of individuals. However, a growing number of studies have relied on the spontaneously occurring behaviors of subjects recorded in an observational, nonexperimental, manner (Kralj-Fiser et al. 2010; Seyfarth et al. 2012; Uher and Asendorpf 2008) . Although time-intensive (Krause et al. 2010) , this approach has advantages. Specifically, it allows the subjects' behaviors to determine what variation is, or is not, important, as well as allowing personality components to emerge from existing correlations among behaviors in the absence of experimentally imposed constraints or human-defined questions (Kralj-Fiser et al. 2010; Seyfarth et al. 2012; Uher and Asendorpf 2008) . This approach also lends itself to the simultaneous exploration of multiple personality components, and thereby allows researchers to examine the relationships that exist between them.
In our study, we examined nine commonly occurring behaviors drawn from a standard rhesus macaque ethogram (Brent 2010) . We selected behaviors we considered to represent individuals' general tendencies as well as their reactions toward specific events, such as competitive social interactions, e.g., the expression of submissive gestures toward others, and self-directed behaviors, which are behavioral indicators of anxiety (Schino et al. 1996) . In addition, we targeted behaviors over which individuals have control, i.e., behaviors a subject directs toward others, rather than behaviors the subject receives from others. Finally, for social behaviors, we focused on those that do not rely heavily on the participation of both the subject and a partner, i.e., behaviors such as vocalizations in which the subject can vocalize to another individual, regardless of what that individual is doing.
We used principal component analysis (PCA), in which behaviors that correlate with each other are placed on to the same component, to produce "personality" components. The same approach has been used in studies of personality in humans (McCrae and Costa 1999) , geese (Kralj-Fiser et al. 2010) , and baboons (Seyfarth et al. 2012) . We explored the intraindividual repeatability of the PCA-generated personality components and determined whether variation in the personality components could be explained partly by attributes such as dominance rank, the availability of closely related kin, and age, which are known or believed to play important roles in the lives of female Old World monkeys (Cords 2012) . We used quantitative genetic models to determine the heritability of the personality components and to explore their genetic correlations. Finally, we examined the association between the personality components and two measures of reproductive output: infant survival and interbirth interval.
Methods

Study Site and Subjects
Subjects were 108 adult females from three groups of free-ranging rhesus macaques (Macaca mulatta) living on Cayo Santiago Island, Puerto Rico. This population was established in 1938 with a single founding population from India (Rawlings and Kessler 1986) . At the time of study there were six social groups on the island. Subjects were individually recognized and habituated to observers. Macaques are provisioned daily with commercial feed and browse on natural vegetation with water supplied ad libitum. Population control, involving the removal of a small number of juveniles, is undertaken once yearly. Macaques are not handled outside the removal period and there is no regular medical intervention.
The rhesus macaque social system includes high levels of affiliation and despotism, characterized by intense unidirectional aggression from dominants to subordinates (Thierry 2004) . Unlike males, adult females are philopatric and form stable linear dominance hierarchies, with daughters securing ranks immediately below their mothers (Chikazawa et al. 1979; Datta 1988; Hadidian and Bernstein 1979) .
Analyses were based on 3 yrs of observation (2007, 2010, 2011) of adult females (6-25 yrs of age) in groups F, S, and V. We conducted behavioral observations during a single year for each group (group S: 2011, N = 19; group V: 2007 , N = 21), apart from group F in which data were collected in both 2010 (N = 58) and 2011 (N = 66). The increase in female numbers in group F was due to maturation of juveniles to adults. Analyses were based on observations collected during the birth season only (July-December) because differences in female social networks between the mating and birth seasons are seen in this population (Brent et al. 2013b ).
Behavioral Data
We collected behavioral data in the same fashion across all groups using 10-min continuous focal animal samples. We collected 997.2 total h of focal animal data with means (SD) of 4.07 (0.39) and 5.02 (0.11) h per subject in group F in 2010 and 2011, respectively, and of 5.11 (0.31) and 2.69 (0.19) h per subject in groups S and V. We controlled for time of day with data collection evenly spread throughout the day between and within subjects. We recorded the occurrence of all affiliative, aggressive, and self-directed behaviors, including the identity of the focal individual's social partner when appropriate. We determined dominance rank from the direction and outcome of submissive interactions.
We used nine behavioral measures to construct the components of personality: 1-2) Approaches: the rate at which a female approached (1) higher-ranking females or (2) lower ranking females. We included only "friendly" approaches, i.e., approaches that were not immediately followed by aggression, and subjects had to come within ≥2 m of another individual for an approach to be scored. 3-4) Vocalizations: rate at which a female vocalized in an affiliative manner (girneys, grunts) toward (3) higher-ranking or (4) lower-ranking females. 5) Passive contact: the amount of time a female spent in passive, physical contact with other females, i.e., contact that did not include grooming or aggressive interactions relative to the amount of time (h) she was observed. 6) Alone: the proportion of 10-min focal animal samples during which the focal female did not interact with any other adult (male or female), nor were any adults found within 2 m of the focal female. 7) SDBs: the rate at which a female engaged in self-directed behaviors (selfgrooming and self-scratching). 8) Submission: the rate at which a female submitted (fear grimace, lean, cower) to another female. Because low-ranking females have a greater number of individuals to which they can submit, i.e., they have a greater number of females that rank above them, we corrected each female's submission rate for the proportion of females that ranked above her. 9) Aggression: the rate at which a female directed aggression (bites, grabs, lunges, chases, charges, threats) toward other females. Because high-ranking females have a greater number of individuals to which they can direct aggression, we corrected each female's aggression rate for the proportion of females that ranked below her. Rates of all behaviors were calculated annually per female as the number of events per hour observed. We standardized behavioral measures by calculating z-scores for each female per group per year.
Genetic Data
We obtained pedigree data from the Caribbean Primate Research Center (CPRC) long-term database. This database contains maternal assignments based on census information, i.e., based on behaviors of putative mothers, such as lactation, for all individuals from the founding population onwards, as well as maternity and paternity based on analysis of 29 microsatellite markers for most macaques born since 1990 (ca. 2900 monkeys); details on genetic parentage analysis are found in Brent et al. (2013a) . Maternity based on genetic data was known for 105 individuals in our study (97.2%) and paternity for 87 individuals (80.5%). We used census information to determine maternal identity when genetic maternity was unknown (N = 3). In the population as a whole, there was 97.4% agreement between maternity based on census information and that based on genetic data. Missing paternity links could result in underestimation of additive genetic variance, although rates of paternity errors of 20% or less introduce few biases in genetic analyses (Charmantier et al. 2011) . There is little evidence for high rates of inbreeding on Cayo Santiago (Blomquist 2009 ). Among subjects, there were 25 mother-daughter pairs but no full siblings; average r (SD) = 0.03(0.07) (Fig. 1 ).
Reproductive Output Data
We assessed the potential reproductive consequences of personality components using offspring survival and mean interbirth interval -both extracted from the pedigree-as measures of reproductive output. Offspring survival was calculated as the proportion of total infants produced that survived beyond 1 yr of age. Mean interbirth interval was calculated as the mean number of days between subsequent live births. For each measure, we calculated z-scores for each subject relative to the mean value for other females of the same age cohort (females born within 2-3 yrs of one another). This allowed us to account for increases in the number of offspring produced as a function of age and to reduce the impact of censoring by adjusting reproductive output using females that were more likely to be of similar distance from the end of their reproductive careers. We included only offspring born before the year of behavioral data collection for each female. For females in group F with 2 yrs of behavioral data available, we calculated only one value of reproductive output using offspring born before 2010, as parentage assignment had not yet been completed beyond this year. To assess the association between reproductive output and personality, we therefore only used the 2010 data for group F females. We included only females 8 yrs of age or greater because younger females (6-7 yrs of age) had rarely produced more than one infant and variance in reproductive output for these females was very low. The mean (SD) proportion of infants to survive to 1 yr was 0.81(0.21), while the mean interbirth interval was 487.01 (220.99) days (N = 75).
Statistical Analyses
We conducted all statistical analyses using R (version 2.13.1, R Foundation for Statistical Computing, R Development Core Team 2009). We used principal component analysis (PCA) to generate personality components using the principal function in the package "psych," which employs an orthogonal varimax rotation. We used each female as an independent data point (N = 108), using the mean of the z-scores for females from group F in 2010 and 2011. When necessary, we log-transformed z-scores before PCA to improve their fit to a normal distribution. A constant was added so that each z-score value was >0 before transformation. We examined the scree plot and the very simple structure (VSS) fit to determine the appropriate number of components to extract from the PCA, selecting the number of components whose eigenvalues were close to or >1, for which there was not a considerable drop in eigenvalue from the preceding component in the scree plot, and which neared maximum complexity according to the VSS. We used the loadings of each component to generate personality scores for each individual female in each year (N = 164), removing females in cases where the strongly loaded behaviors were not applicable; e.g., by definition, the top ranked females in each group cannot approach an individual higher ranking than themselves and thus individual scores for the personality component for which approaches to higher ranking females loaded strongly was not calculated for the top ranked females. To examine the repeatability and genetic effects of the personality components, we fit linear variance component models using the MCMCglmm package in R (Hadfield 2010) . We have previously shown in this population that individuals are consistent across time in their position in their social network (Brent et al. 2013a ) -a property that may emerge, in part, from personality (Wilson et al. 2013) . To test whether females were consistent from one year to the next in their personality components, we performed repeatability analyses in which female identity was included as a random effect in models in which the personality component of interest was the dependent variable. We then calculated repeatability as the ratio of individual-based variance to total variance (Nakagawa and Schielzeth 2010; Wilson et al. 2010) . Repeated data were available only for group F females over a period of 2 yrs, i.e. from data collected in 2010 and 2011. We fit models with only the intercept, as well as models that included dominance rank, age, and the presence of close kin as fixed effects. We defined close kin as mother-daughter pairs and maternal sisters. We report repeatability as posterior modes with 95% credible intervals.
Heritability models test the hypothesis that individuals that are closely related (and therefore share many genes) have more similar phenotypes than individuals who are unrelated, while controlling for similarities in phenotype that can be attributed instead to environmental, i.e., nongenetic, variance (Lynch and Walsh 1998; Visscher et al. 2008) . We evaluated each personality component using a univariate variance component model that included permanent, i.e., individual-based, environmental effects as well as maternal effects (Almasy and Blangero 1998; Rogers et al. 2008) . We modeled maternal effects as mother identity. Fixed effects were dominance rank, age, and the presence of close kin. The inclusion of fixed effects can inflate heritability estimates and can reduce comparability across studies (Wilson 2008) . We therefore report the results of models that included only permanent environmental effects (intercept models) as well as those that included both maternal and fixed effects. We report posterior modes and credible intervals for heritability estimates. We considered heritabilities 10% or greater with reasonably narrow confidence intervals to be biological meaningful. For personality components with biologically meaningful heritability estimates, we calculated genetic correlations using bivariate variance components analyses (Lynch and Walsh 1998) , including all random effects from heritability analyses.
We used univariate quadratic models to estimate selection differentials. We estimated linear selection (S) as the linear relationship between each personality component and reproductive output, and nonlinear selection (C) as the relationship between reproductive output and the orthogonal quadratic estimate of the personality component (Lande and Arnold 1983) . We doubled posterior means of quadratic variables to estimate selection gradients correctly (Stinchcombe et al. 2008) . Negative posterior means of quadratic variables represent evidence of stabilizing selection, positive posterior means represent disruptive selection. We included dominance rank, age, and presence of close kin as fixed effects, and individual identity, maternal identity, and genetic relatedness as random effects in all models. Including the relatedness matrix could swamp variance linking personality with fitness if the reproductive output variables were (also) heritable. We therefore also ran models that did not control for relatedness. The significance of the results of the two types of model did not differ (although estimates were consistently larger in the models that did not account for relatedness, as would be predicted), and we thus report only the results of models in which relatedness was controlled.
We ran all variance components models with a minimum of 65,000 iterations, with burn-in lengths varying from 15,000 to 100,000 depending on shape of the trace plot. We used the prior specification V = 1 and ν = 0.002, which is common for variance components (Hadfield 2010) . Inclusion of maternal effects did not much improve the fit of the models, but we retained this factor in order to be conservative. We ran Gaussian-distributed models and performed graphical checks using Q-Q plots of each model once it was fully fit to confirm the appropriateness of a Gaussian distribution. In each plot, points are expected to fall along the diagonal line, with departures indicating a poor fit of the Gaussian GLMM (Elston et al. 2001; Wilk and Gnanadesikan 1968; Blomquist and Brent 2013) .
Ethical Note
This research complied with protocols approved by the Institutional Animal Care and Use Committee of the University of Puerto Rico (protocol #A6850108) and adhered to the legal requirements of the United States of America.
Results
PCA for Personality Components
Based on the selection parameters described earlier, we selected a model with six principal components (eigenvalues: PC1 = 1.89, PC2 = 1.67, PC3 = 1.16, PC4 = 1.02, PC5 = 0.96, PC6 = 0.87). This model accounted for 84.0% of the overall variance in the correlation matrix, with the proportion of variance explained by each component ranging between 21% and 10% (Table I) . We then examined the loading of each behavior onto each component. Loadings >0.4 and those that differentiated the six components were considered of particular interest ( Table I ).
Individuals that scored high on component 1 (hereafter called "Meek" to facilitate discussion) approached lower ranking individuals more often than did other individuals and submitted to others the most frequently (Fig. 2) . Individuals that scored high on component 2 ("Bold") approached and vocalized to higher ranking individuals more frequently than did other individuals. Individuals that scored high on component 3 ("Aggressive") directed the highest rates of aggression toward others (Fig. 2) . These females also directed high rates of vocalizations toward lower raking individuals. Individuals that scored high on component 4 ("Passive") spent the greatest amount of time in passive contact compared to other individuals, and frequently vocalized to lower ranking individuals. Individuals that scored high on component 5 ("Loner") spent the greatest amounts of time alone compared to others. Finally, individuals that scored high on component 6 ("Nervous") performed the highest rate of self-directed behaviors (Fig. 2) .
Repeatability of Personality Components
There were interindividual differences in each of the personality components. Repeatability ranged from 0.219 to 0.662 with credible intervals >0 in all cases (Table II) .
Potential Covariates of Personality Components
Dominance Rank Scores on Meek and Bold were significantly related to dominance rank (Table III) . High-ranking females had significantly higher scores than lowranking females on Bold (N = 160, posterior mean = 0.0007, CI = 0.0005, 0.0009, P < 0.001), whereas low-ranking females had significantly higher scores than highranking females on Meek (N = 160, posterior mean = -0.0004, CI = -0.0006, -0.0002, P = 0.002). That is, high-ranking females had high scores on Bold but low scores on Meek (Fig. 3a and c) . Each of the behaviors that strongly loaded onto Bold and Meek were significantly related to dominance rank. High-ranking females approached and vocalised to females higher ranking (HR) than themselves at a higher rate than did low-ranking females (approach HR: β = 0.02, SE =0.003, χ 2 = 54.34, P < 0.001; vocalize to HR: β = 0.013, SE = 0.003, χ 2 = 22.59, P < 0.001). High-ranking females approached females lower ranking (LR) than themselves at a lower rate than did low-ranking females (approach LR: β = -0.01, SE =0.003, χ 2 = 5.30, P = 0.021). Submission rates were calculated controlling for dominance rank, i.e., controlling for the divergence in the number of individuals than can be submitted to that exists between high-ranking (few individuals to submit to) and low-ranking (many individuals to submit to) females. Nevertheless, we found that high-ranking females submitted to others less frequently compared to low-ranking females (submit: β = -0.02, SE = 0.003, χ 2 = 37.32, P < 0.001). However, none of these behavioral loadings onto Bold or Meek were solely artefacts of their relationships with dominance rank. We examined whether the behaviors in question continue to covary, as they did in the PCA, even when the impact of rank was removed. To do this, we took the residuals of the relationship between each behavior and dominance rank. We then examined the correlations between these residual values. There were significant correlations between the residuals of the behaviors that loaded strongly onto Bold (approach HR and vocalize HR: r 2 = 0.658, SE = 15.626, P < 0.001), as well as between the residuals of the behaviors that loaded strongly onto Meek (approach LR and submit: r 2 = 0.883, SE = 9.032, P < 0.001). Thus, females that scored high on the Bold component approached and vocalized to higher-ranking females at high rates, regardless of their rank. Females that scored high on the Meek component approached lower-ranking females and submitted to others at high rates, regardless of their rank.
Age Age was a significant predictor of only one of the personality components, Meek (Table III) . Older females had significantly lower scores on Meek than younger females (N = 160, posterior mean = -0.002, CI = -0.003, -0.005, P = 0.006) (Fig. 3b) . Among the behaviors that strongly loaded onto Meek, the rate at which individuals approached lower-ranking females was not significantly related to age (β = -0.031, SE = 0.020, χ 2 = 2.511, P = 0.113), nor was the rate at which females submitted to others related to age (β = -0.035, SE = 0.020, χ 2 = 3.147, P = 0.076). The residuals of the relationships We report posterior modes and 95% credible intervals. between these two behaviors and age were significantly correlated (r 2 = 0.812, SE = 2.074, P < 0.001), suggesting their loading onto Meek was not simply an artefact of the impact of age.
Kin The presence of close kin did not considerably influence personality components. Scores on Meek, Bold, Aggressive, Nervous, and Loner were not related to the availability of close kin (Table III) . However, females with close kin present in the group did score higher on the Passive component than did females that did not have such kin present N = 160, posterior mean = 0.014, CI = 0.0002, 0.031, P = 0.04) (Fig. 3d) . Of the two behaviors that loaded strongly onto Passive, only the amount of time spent in passive contact with others was significantly related to the availability of close kin: females with close kin present spent significantly more time in passive contact than females that did not have such kin present (β = 0.406, SE = 0.193 χ 2 = 4.403, P = 0.036). However, time spent in passive contact and vocalizations to lowerranking females correlated significantly when the impact of kin was removed (r 2 = 0.876, SE = 0.152, P = < 0.001), suggesting their loading onto Passive was not simply an artefact of the relationship between passive contact and the availability of close kin. Fig. 3 Relationships between the personality components and covariates dominance rank (% females dominated), age, and the presence of close kin in adult female rhesus macaques. Higher ranking females had significantly lower scores on Meek (a) and higher scores on Bold (c). Younger females had significantly higher scores on Meek (b), while females with close female kin present in their social group had higher scores on Passive than did females that did not have close kin present (d). Although related, these personality components were not redundant representations of rank, age, or the presence of close kin; the behaviors that loaded strongly onto these components continued to covary significantly when the impact of either rank, age, or the presence of close kin were taken into account.
Heritability of Personality Components
All six personality components demonstrated additive genetic variance >10% (Table III) . In all cases, heritability estimates were not considerably different between models that included only the intercept compared to those that included fixed and maternal effects (Fig. 4) . Heritability estimates of the personality components ranged from 0.144 (Loner) to 0.346 (Meek) in the intercept models and between 0.144 (Loner) and 0.311 (Meek) in the fixed effects models.
Genetic Correlations of Personality Components
None of the personality components appeared to be genetically correlated (Table IV) . Bold and Aggressive, and Passive and Nervous had the largest correlation coefficients (-0.112 and -0.502, respectively) but the credible intervals for these values transversed zero (-0.287, 0.238; and -0.276, 0.254, respectively) . Large credible intervals for all estimates of genetic collinearity in this study are indicative of a lack a power, owing to a relatively small sample size for analyses of genetic covariance in this study .
Personality Components and Reproductive Output
Personality components were poor predictors of reproductive output in this study (Table V) . We found no significant relationships between Meek, Bold, Aggressive, Passive, Loner, and Nervous and either infant survival or interbirth interval length. 
Discussion
We analyzed data on spontaneously occurring behaviors in a free-ranging population of female rhesus macaques and found evidence for six distinct personality components: Meek, Bold, Aggressive, Passive, Loner, and Nervous. Our findings indicate that these personality components were not associated with reproductive output. However, each of these components did have a heritable basis. Studies in a growing number of taxa have provided evidence that some of the intraindividual variation in personality can be explained by genetic elements that are inherited from one generation to the next (Bize et al. 2012; Sinn et al. 2006; van Oers et al. 2004 ). In our study, female rhesus macaques varied in their tendency to approach females lower ranking than themselves and to submit to others relative to their own dominance rank, and results indicated that this personality component (Meek) had a narrow-sense heritability of 35% in the intercept model. Some females conversely tended to approach individuals higher ranking than themselves and also vocalised to them (Bold), and heritability of this component was 30% in the intercept model. Aggressive tendencies (Aggressive), as well as the tendencies to spend time in passive contact with others (Passive), and to spend time alone (Loner), had heritability estimates of 26%, 24%, and 14%, respectively. Finally, females' tendency to exhibit self-directed behaviors (Nervous), a sign of anxiety in primates (Schino et al. 1996) , had a heritability score in the intercept model of 20%.
The heritabilities found in this study are similar to those reported for personality traits in other nonhuman primates, which have generally ranged from 25 to 60% (Fairbanks et al. 2004; Weiss et al. 2000 Weiss et al. , 2002 Williamson et al. 2003) . Human studies tend to report heritability of personality traits at about 50% (Bouchard and Loehlin 2001; Johnson et al. 2008) . However, most of these reports are based on twin studies and therefore represent broad-, instead of narrow-sense, heritabilities. Studies Posterior means (P value) from quadratic regressions for linear (S) and stabilizing/disruptive (C) selection differentials performed using sample size N. We included dominance rank, age, and presence of close female kin as fixed effects and maternal identity as a random effect. We also controlled for genetic relatedness using a covariance matrix. of humans subjects from complex pedigrees -similar to those commonly used in studies of nonhuman primates, including the current study-have found narrowsense heritability of personality traits to be closer to 20% (Pilia et al. 2006) . Candidates for the functional basis of these personality components include polymorphic genes in major neuromodulatory pathways, e.g., serotonin, dopamine, oxytocin, as well as other systems associated with behavioral regulation, e.g., the hypothalamicpituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes. Future exploration of functional gene candidates underlying phenotypic variation may add to our understanding of the proximate bases of these personality components.
Overall, personality was a not a very good predictor of reproductive output in the female rhesus macaques in this study. In female chacma baboons (Papio hamadryas ursinus), whose social system is very similar to that of rhesus macaques, Seyfarth et al. (2012) inferred a positive (and linear) relationship between personality and reproductive success. This inference was based on their finding of a significant positive association between three dimensions of baboon personality, referred to as Aloof, Nice, and Loner, and indices representing the strength and stability of social bonds (Seyfarth et al. 2012) , which have been previously positively associated with increased fitness (whether these indices of social bonding should themselves be considered personality dimensions warrants future discussion). Although they were poor predictors of infant survival and interbirth interval length in the current study, Meek and Bold were significantly related to dominance rank. Dominance rank has previously been shown to be a predictor of reproductive success in primates (Majolo et al. 2012) . The behaviors that loaded strongly onto Meek and Bold continued to covary significantly when the impact of rank was taken into account, suggesting the loadings of these behaviors, and thus the personality components themselves, were not simply artefacts of rank. Further research is required to clarify the causal relationship (if any) between personality and social status.
Previous work on the genetic basis of social networks in this population revealed that the tendency of adult males and females to direct aggression toward others (aggression outstrength) was heritable and that individuals with the highest and lowest aggression outstrength scores also had the greatest infant survival, i.e., there was evidence for disruptive selection of this network position (Brent et al. 2013a) . Although in the current study the personality component Aggression represented females' tendencies to direct aggression toward others, we found no evidence that this trait was significantly associated with either the length of females' interbirth intervals or the survival of their infants. Disparity between the findings of Brent et al. (2013a) and those of the current study may be due to methodological differences; the current study examined only females, while Brent et al. (2013a) included data on both males and females. In addition, the behavioral measures examined in the two studies were related, but differed in two key ways. First, in the current study, the rate of aggression directed toward others loaded strongly onto the Aggressive component, but other behaviors were also incorporated into its calculation, e.g., vocalizations to lower ranking individuals also loaded strongly onto this component, whereas in Brent et al. (2013a) aggression outstrength was simply calculated as the rate of aggression directed to other adults. Second, dominance rank was controlled for differently in the two studies; it was incorporated directly into the measure of aggression used in the current study, while Brent et al. (2013a) included dominance rank as a potential covariate in statistical models.
Regardless, the absence of an association between personality and reproductive output may suggest that personality does not have fitness-related consequences in this population but might also indicate that selection has acted to reduce fitness-associated variation in personality. Nuanced contextual differences in the relationship between personality and reproductive success may also exist but at a scale not detectable by the current study. In a meta-analysis of results reported in the literature on a variety of taxa, Smith and Blumstein (2008) found that individuals classified as closer to Bold on the Shy-Bold continuum had higher reproductive success. This relationship was particularly strong in males. However, bolder males also incurred a survival cost, suggesting the maintenance of variation in this trait may be due to trade-offs in fitness consequences in different contexts (Smith and Blumstein 2008) . Unfortunately, the way in which context affects the impacts of personality on fitness are highly challenging to examine in animals with long life spans and gestation lengths (Krause et al. 2010) .
The personality components examined in chacma baboons by Seyfarth et al. (2012) were generated by examining many of the same spontaneously occurring behaviors as those examined in the present study (time spent alone, aggression, physical contact with others, and interactions directed toward higher and lower ranking females). Indeed, there were some similarities between the personality components that emerged in female chacma baboons and rhesus macaques; vocalizations to lower ranking females loaded onto a component with time spent in passive contact in both species (baboons: Nice; macaques: Passive). Therefore, baboon and rhesus macaque females that tended to spend time in passive contact with others also tended to vocalize to lower ranking females. In baboons, aggression loaded positively with the tendency to vocalize to higher ranking females, and negatively with the tendency to vocalise to lower ranking females (Aloof), whereas in rhesus macaques aggression loaded positively onto a component with the tendency to vocalise to lower ranking females (Aggressive). Finally, time spent alone and the tendency to interact with lower ranking females loaded strongly onto a component in baboons (Loner), whereas time spent alone loaded onto its own component in rhesus macaques (Loner) .
As the number of studies of animal personality grows, it will become increasingly important to establish how personality components generated using the most commonly employed methods relate to each other. There is evidence to suggest that ratings from human observers correlate with spontaneously occurring behaviors (Capitanio 1999; Konečná et al. 2008; Uher and Asendorpf 2008 ). Yet, the relationships between human ratings, experimental assays, and personality components generated using spontaneous behaviors (such as in this study) are less clear. The patterning of results based on a bottom-up behavioral approach to personality must also be explored in specific, divergent, contexts (Uher and Asendorpf 2008) .
The personality components generated in the current study did show some promising similarities to those previously produced in this population of rhesus macaques using human-observer ratings (Weiss et al. 2011) . Weiss et al. (2011) used such ratings to identify six personality components in male and female rhesus macaques on Cayo Santiago: Confidence, Openness, Dominance, Friendliness, Activity, and Anxiety. According to Weiss et al. (2011) , Confident rhesus macaques were less vigilant and less reactive to stressors, which may be analogous to the component we called Bold, i.e., monkeys that were likely to interact with those higher ranking than themselves. Weiss et al. (2011) reported that individuals with low scores on the Openness dimension were less impulsive and exploratory, which may be analogous to the Meek component in the present study, while individuals that were high scoring on the Dominance dimension demonstrated aggressive tendencies, similar to Aggressive females in the current study. Weiss et al. (2011) deemed rhesus macaques with high scores on Friendliness to be highly social and not solitary. This may bear similarities to our Loner component, for which low scoring individuals spent little time alone, as well as to our Passive component, for which high scoring individuals spent a large amount of time in passive contact with others and vocalized frequently. Individuals with high scores on the Anxiety dimension of Weiss et al. were anxious and distressed, similar to our Nervous component, in which high scoring individuals exhibited high rates of self-directed behaviors. Finally, Weiss et al. (2011) identified the personality dimension Activity and described monkeys with high scores on it as playful and spontaneous. Although we found no analogous component using spontaneously occurring behaviors, Active/Slow was identified in another study of (captive) rhesus macaques that used human observer ratings to assess personality (Stevenson-Hinde and Zunz 1978) . This may suggest that the behaviors included in the current study, which were for the most part socially relevant rather than activity based, may not have been well suited to extract this particular dimension.
Genetic covariance between traits suggests that similar genes underlie their expression and may constrain their phenotypic distributions (Arnold et al. 2001; Lande 1979) . Traits must also genetically covary with fitness in order for selection to result in changes to their distributions Price et al. 1988; Robertson 1966) . Unfortunately, the sample sizes required to detect genetic correlations are large enough to prevent their examination in the majority of research on large-bodied animals. In the current study, we found no evidence for genetic collinearity between personality components but were underpowered to do so. Examining genetic correlations between personality components, and between personality components and fitness, is a clear direction for future research.
When interpreting the results of this study, it should be noted that heritability scores are dependent on the study population because both additive and nonadditive genetic variance, as well as environmental variance, are population specific (Falconer and Mackay 1996; Visscher et al. 2008) . Future studies of the genetic basis of personality in different physical and social environments are therefore required in rhesus macaques, as well as in other species of nonhuman primates. In addition, studies following individuals throughout their development, e.g., from juveniles to adulthood, could help to disentangle the influence of maternal behavior on personality, as could studies that incorporate nonadditive genetic variance, such as epigenetic effects and gene × environment interactions (Feil and Fraga 2012; Suomi 2006) . Work of this kind will shed important new light on the evolution of personality in both nonhuman and human primates.
